Range images (depth maps) are seeing increased usage in a variety of application areas including entertainment, industrial automation, inspection, remote sensing, and military tactical planning. As the corpus of range imagery increases in size and the need to communicate such images over fixed-bandwidth channels increases, the compression of range data deserves investigation. Since the geometry encoded by range sensors is inherently "low-bandwidth", transform-based techniques seem appropriate for investigation in this context. This paper reports on experiments with a popular zerotree-based image codec (the SPIHT algorithm developed by Said and Pearlman) and its application to the compression of range imagery. Experiments suggest that compression rates of 1 bit/pixel and below are achievable with minimal impact on fidelity.
Introduction and Prior Work
Range sensors sample the locations of points on the surfaces in the sensor's field of view, yielding 3D measurements [1] . We consider those sensors that return image-structured measurements; within this class there remains a wide variety of sensing techniques, data formats, and constraints on the sensable environment and on performance. Adopting a reasonably generic representation, we denote a range image as R = {r ij : i = 1, · · · , nr, j = 1, · · · , nc}, where r ij = [f ij , x ij , y ij , z ij ], with f ij being a flag coordinate that denotes a measurement as valid (f ij = 1) or invalid (f ij = 0); the latter case occurs when a valid range measurement cannot be made because of shadowing or other problems. The z axis is assumed parallel to the optical axis of the scanner so the z coordinate measures the distance to the sensor or to a reference plane.
Range images often have many bits of precision and are presented to the user from the scanner in floating point format. Hence, such images consume a large amount of storage and an investigation of compression techniques for this specialized image type is warranted. In one of our range sensors (the Vivid 700 structured light scanner from Minolta), the range images are 200 × 200, and each pixel is represented as three 32-bit floating point numbers plus a one-bit flag, consuming approximately one-half megabyte. Compression of range data is an appropriate topic of investigation for other reasons as well. It can be argued that range data possesses more spatial coherence than many intensity images (since proximal measurements are samples from the same surface without contamination by photometry); hence, coherence-exploiting ('energy-packing') transforms should work very well on these images. Figure 1 shows a relief map of a range image of an angel sculpture and a plot of the sample correlation coefficient versus lag in pixels; the latter plot confirms the presence of large amounts of correlation. Hence, the popular transform codecs are applicable. In passing, we note our decision to avoid the use of block transform coding such as that used in the JPEG standard. Blocking artifacts in such compressors would have a global and notable impact on surface fidelity. As we note below, wavelet transform coders also exhibit artifacts at low rates, but such artifacts tend to concentrate near jump edges.
This paper investigates techniques for compression of the flag {f ij } and depth {z ij } components of structured-light range images (the x and y coordinates can also be compressed, or even omitted in some cases; such processing is not addressed here). After a brief literature review, a transform coding technique based on Said and Pearlman's SPIHT coder is developed and tested; this includes some discussion of distortion in the context of range data. Final comments and suggestions for additional work conclude the paper.
The literature on dense range image compression (which we broadened to include stereo imagery) is quite sparse. Prior work in stereo image compression (e.g. Aydinoglu et al. [2, 4] and Moellenhoff and Maier [3] , among others focus on efficiently coding stereo pairs by exploiting multiocular redundancy, or by encoding one element of the pair as a disparity-encoded residual of the other. Franklin and Said [5] applied the SPIHT algorithm to digital elevation map data but did not address missing data as we discuss here. Figure 2 shows a three-level wavelet transform of the 'angel' range image. In generally smooth images with highly correlated depth values, the wavelet transformation will pack most of the gross shape information into relatively few wavelet coefficients in the low frequency subband. The coefficients in the rest of the transformed image are generally considerably smaller in magnitude and contain information about fine shape details. As expected, most transform domain coefficients are near zero; hence the wavelet transform is appropriate here.
Proposed Method
Unlike traditional intensity images, the range images considered here are accompanied by a per-pixel flag that identifies valid pixels; hence, an 'edge effect' often manifests near the boundaries of objects with valid depth measurements. While future work is expected to employ ideas from object-based coding to handle these irregular boundaries, our baseline implementation of the coder simply minimizes the jump edge magnitude at these boundaries (and therefore the attendant ringing in reconstruction) by encoding the meaningless background value as an average value calculated from the valid z values at the boundary. The size of the analysis and synthesis filters also has an ef-fect related to the boundaries between valid and invalid pixels. We wish to minimize the extent of edge effect propagation, thus shorter filters are preferred. We have experimented with both 9/7 and 5/3 tap implementations of Daubechies filters and chose the 5/3 filters for use in later experiments.
Our image codec was designed around the SPIHT coding technique proposed by Said and Pearlman [6] , with significant modifications, summarized as follows. The flag image {f ij } is transmitted first, using runlength coding followed by arithmetic coding. The encoding rate for the flag component of typical range images in our database is about 0.01 bpp. The depth image {z ij } is transformed using a 2D DWT with three decomposition levels. Transform domain coefficients are then encoded using the SPIHT significance coding algorithm.
Experimental results
The coding technique described above was tested on ten images in the OSU range image database 1 ; each image contained a single isolated object. Each original 33 bpp image (one flag bit and one floating-point z value per pixel) was compressed using the methods described above. Figure 3 shows operational ratedistortion curves for the experiments. We noted that half the images were encoded effectively losslessly at 5bpp. These five images contained objects with smooth sculpted surfaces (e.g., apple) and little or no high frequency texture. By contrast, images with poorer compression performance contained high frequency surface texture (e.g., Buddha) or a fair amount of self occlusion (e.g., duck). This high frequency content in the range image requires more bits to encode accurately than smooth sculpted of the apple and the doughboy. Major errors tend to be concentrated near object boundaries and it is hoped that object-based coding and masking will mitigate these reconstruction errors.
For range images, the pixels are true 3D measurements; hence, the MSE error between two range images measures the average squared error in distance or position between the image and its reconstruction. Since MSE has a strong geometric connotation, we feel it to be an appropriate metric for evaluating compression techniques. The pSNR measures quoted here do not employ the familiar 255 2 in the power ratio since these measurements are not guaranteed to have similar dynamic ranges. We normalized the peak excursion across our database, with an accompanying scaling of the decibel measurements. 
Conclusions
This paper has explored transform-based techniques for range image compression, a topic of increasing importance as 3D images see wider use. The lack of sustained research on this problem will require some explorations to determine appropriate techniques and preprocessing needs. The SPIHT framework for embedded image coding (with suitable modification) seems to be a reasonable candidate for range image coding and compression, as verified by experiments. Future work will include compression of additional image planes (the x ij and y ij components), a more detailed examination of the boundary problem and the applicability of objectbased coding, and tests with more images including range data from other sensors. 
